Many patients with chronic myeloid leukemia in deep remission experience return of clinical disease after withdrawal of tyrosine kinase inhibitors (TKIs). This suggests signaling of inactive BCR-ABL, which allows the survival of cancer cells, and relapse. We show that TKI treatment inhibits catalytic activity of BCR-ABL, but does not dissolve BCR-ABL core signaling complex, consisting of CRKL, SHC1, GRB2, SOS1, cCBL, p85a-PI3K, STS1 and SHIP2. Peptide microarray and co-immunoprecipitation results demonstrate that CRKL binds to proline-rich regions located in C-terminal, intrinsically disordered region of BCR-ABL, that SHC1 requires pleckstrin homology, src homology and tyrosine kinase domains of BCR-ABL for binding, and that BCR-ABL sequence motif located in disordered region around phosphorylated tyrosine 177 mediates binding of three core complex members, i.e., GRB2, SOS1, and cCBL. Further, SHIP2 binds to the src homology and tyrosine kinase domains of BCR-ABL and its inositol phosphatase activity contributes to BCR-ABL-mediated phosphorylation of SHC1. Together, this study characterizes protein-protein interactions within the BCR-ABL core complex and determines the contribution of particular BCR-ABL domains to downstream signaling. Understanding the structure and dynamics of BCR-ABL interactome is critical for the development of drugs targeting integrity of the BCR-ABL core complex.
Introduction
Chronic myeloid leukemia (CML) is a myeloproliferative disorder defined by the t(9;22)(q34;q11) translocation, which creates fusion protein containing part of the breakpoint cluster region (BCR) gene joined with the ABL gene, which encodes a tyrosine kinase. The resulting oncogene has a constitutive tyrosine kinase activity caused by oligomerization of the BCR, leading to autophosphorylation and activation of ABL kinase [1] . Two major isoforms of BCR-ABL are known, p190 and p210, that differ in 501 aa BCR region containing double homology and pleckstrin homology domains present only in p210 [2] .
The BCR-ABL is necessary and sufficient to maintain CML, as the acquisition of active BCR-ABL generates a lethal leukemia in mice [3] . At the cellular level, BCR-ABL transforms cells by increasing proliferation and survival, and decreasing dependency on extracellular signals delivered by cytokines and growth factors [4] . This is mediated by the activation of large amounts of signaling intermediates, including members of RAS-ERK-MAP kinase pathway involved in cell proliferation, AKT signaling conferring resistance to apoptosis, and STAT signaling contributing to cytokine independence [5] [6] [7] .
Suppression of BCR-ABL tyrosine kinase activity with small molecule tyrosine kinase inhibitors (TKI) has greatly improved CML prognosis, effectively turning once lethal leukemia into the chronic condition. Imatinib was the first TKI approved for CML, which represented a major therapeutic breakthrough [8] . Over a decade of clinical experience with imatinib demonstrated an estimated 85% survival rate for the first-line treatment patients. Failed imatinib response often involves BCR-ABL gene amplification, increased expression or occurrence of mutations causing imatinib resistance [9, 10] . This was overcome by the development of second-generation TKIs, nilotinib and dasatinib, which inhibit BCR-ABL with greater efficiency than imatinib, and target imatinib-resistant BCR-ABL mutants [11, 12] . Nilotinib and dasatinib provide a significant improvement in CML treatment over imatinib, inducing 2-year complete cytogenetics response in ~ 40% of imatinib-resistant patients [13] . Unfortunately, in many CML patients who failed to respond to imatinib, a T315I substitution in the BCR-ABL's kinase domain occurs. T315I targets the gate-keeper residue controlling access to the hydrophobic cavity adjacent to the ATP-binding site, which is important for the proper TKI binding [14] . The resistance BCR-ABL-T315I to TKIs was successfully addressed by the development of ponatinib, which induces complete cytogenetic response in 46% of patients resistant to both nilotinib and dasatinib [15] .
The TKI therapy generates impressive results in CML treatment; however, it fails primarily in three areas. First, some CML patients remain resistant to TKIs, suggesting that BCR-ABL tyrosine kinase activity is not necessary for CML persistence in these patients [16] . Second, resistance to TKIs eventually develops in significant percentage of CML cases. Novel mutations in BCR-ABL, resistant even to ponatinib, have been described, including the dual mutations affecting one BCR-ABL allele [17] . Third, TKIs suppress but not eradicate CML. The slowly proliferating cancer stem cells are poorly targeted [18] , and capable to recapitulate CML even after the period of deep molecular remission. In TKI discontinuation trials, a return of clinical CML after TKI withdrawal is observed in ~ 50% of patients in deep remission [19] , suggesting that blockade of BCR-ABL kinase activity by TKIs alone is not sufficient to cure CML. This together with side effects and high economic costs of the life-long TKI therapy necessitates the development of conceptually novel treatments for CML. First, we need to completely understand the mechanics of BCR-ABL signaling, as the BCR-ABL may play other roles beyond the constitutively active tyrosine kinase. The protein-protein interactions within the BCR-ABL signaling complex may remain preserved when its kinase activity is inhibited, leading to residual signaling sufficient for long-term survival of CML cells.
The main downstream signaling pathways utilized by BCR-ABL to regulate cell functions are well established. In contrast, the composition of BCR-ABL interactome, i.e., the pool of proteins associating directly with BCR-ABL, is only beginning to emerge. Active BCR-ABL auto-phosphorylates on tyrosines 177, 1127 and 1294 (Y245 and Y412, cABL1b numbering) [20] and others, providing docking sites for proteins containing SH3 and PTB domains. Several such proteins have been identified, which form a core complex of direct BCR-ABL interactors. These include adapters GRB2, CRK-I and SHC1, adapter/phosphatase SHIP2, p85a subunit of the lipid kinase PI3K (p85a-PI3K), ubiquitin ligase cCBL and phosphatase STS1 [21] . Currently, the nature of binding interfaces and protein-protein interactions in the BCR-ABL signaling complex remains unclear. Yet these interactions hold a key to the understanding of the structure of the BCR-ABL core complex. This study was carried out to map the protein-protein interactions within the BCR-ABL signaling complex in detail, and elucidate the dynamics of the BCR-ABL signaling complex in the active and TKI-inhibited state of BCR-ABL. Nilotinib causes partial dissolution of BCR-ABL signaling complex. a 293T cells were transfected with p190 BCR-ABL, native cell lysates were subjected to ultracentrifugation in the 15-40% sucrose gradient, and collected fractions were analyzed by western blot. The presence of BCR-ABL signal in more than one fraction suggests the existence of complexes of different compositions. Note the various degrees of co-sedimentation of BCR-ABL with p85a-PI3K, GRB2, SHIP2, SHC1, SOS1, SHP2 and cCBL; no cosedimentation with CRK, CRKL or GAB2 was found. Inhibition of BCR-ABL kinase activity with 100 nM nilotinib resulted in a shift of a fraction of the BCR-ABL complexes towards lighter fractions, suggesting partial dissolution of the BCR-ABL signaling complex. b The western blot analysis of proteins co-sedimenting with BCR-ABL (p85a-PI3K, GRB2 and SHIP2) was quantified as described in "Materials and methods". Note that portion of GRB2, but not SHIP2 or p85a-PI3K dissociated from the BCR-ABL complex after nilotinib treatment. Data represent a single experiment out of three independent experiments carried out. The fractions containing most of the p190 BCR-ABL are highlighted in red. Phosphorylation (p) at ABL Y412 was used to determine the degree of BCR-ABL inhibition using nilotinib; actin serves as a loading control in total cell lysates used for ultracentrifugation. c Cells were transfected with FLAG-tagged p190 BCR-ABL, V5-tagged GRB2 or SHIP2, treated with nilotinib, and subjected to PLA. The antibodies against protein tags were used in PLA (red); cABL antibody was used to counterstain the transfected cells (green). Cells transfected with BCR-ABL and an empty vector serve as the negative control. Number of PLA dots per cell was calculated and graphed (10-90 percentile). Statistically significant differences were highlighted (Student's t test with Welch's correction for unequal variances; *p < 0.05, **p < 0.01). Scale bars, 10 µm
◂

Results and discussion
Inhibition of BCR-ABL kinase activity does not dissolve the BCR-ABL signaling complex
TKIs inhibit kinase activity of BCR-ABL but their effect on protein-protein interactions within the BCR-ABL core signaling complex (referred here as 'core complex') is not known. TKIs may not interfere with all protein-protein interactions within the BCR-ABL signaling complex, particularly those not mediated by phosphorylated tyrosine motifs, leaving the BCR-ABL complex partially intact. We asked whether the inhibition of BCR-ABL kinase activity results in the disintegration of the core complex. We expressed p190 BCR-ABL in 293T cells and separated the native BCR-ABL complexes by ultracentrifugation in 15-40% sucrose gradient. Treatment by 100 nM nilotinib leads to complete inhibition of BCR-ABL kinase activity, evidenced by the lack of autophosphorylation at Y412 ( Fig. 1a ). Inhibition of BCR-ABL kinase activity resulted in a partial shift in the BCR-ABL complexes towards lighter sucrose fractions, suggesting partial but not complete dissociation of the core complex ( Fig. 1a ; BCR-ABL blot). The members of core complex p85a-PI3K, GRB2, SHIP2, SHC1, SOS1 and cCBL [21] co-sedimented with BCR-ABL in sucrose gradient ( Fig. 1a ). No co-sedimentation was found with CRK, CRKL or GAB2, suggesting transient interaction not lasting through the experimental procedure.
Despite complete inhibition of the BCR-ABL activity, nilotinib did not cause exclusion of any of the endogenously expressed interactors from the co-sedimentation with BCR-ABL. Quantification of western blot analysis of proteins saturated on BCR-ABL, i.e., those which majority in 293T cells co-sedimented with BCR-ABL (p85a-PI3K, GRB2 and SHIP2) shows that portion of GRB2, but not SHIP2 nor p85a-PI3K dissociated from BCR-ABL after nilotinib treatment ( Fig. 1b ), suggesting only partial dissolution of BCR-ABL signaling complex in 293T cells treated with nilotinib. Similar data were obtained in 293T cells transfected with p210 BCR-ABL, and in K562 cells, a permanent cell line established from CML patient, which expresses endogenous BCR-ABL (Figs. S1, S2). Figure 1a shows a reduction in the BCR-ABL co-sedimentation with SHP2 and cCBL, induced by nilotinib. These changes may represent variability of the particular experiment because we were not able to replicate these results in cells expressing p210 BCR-ABL and in K562 cells (Figs. S1, S2). The association of BCR-ABL with GRB2 and SHIP2 in 293T cells expressing p190 BCR-ABL was probed by proximity ligation assay (PLA). In PLA analyses, nilotinib caused a statistically significant decrease in BCR-ABL interaction with co-transfected GRB2 or SHIP2, but more than 80% of the interaction was preserved for both partners, when compared to active BCR-ABL ( Fig. 1c ).
Next, the blue-native (BN)-PAGE was used to probe the composition of BCR-ABL complex in 293T cells ( Fig. 2a ). The protein lysates of 293T cells expressing p210 BCR-ABL were resolved by BN-PAGE to separate protein complexes, which were then analyzed by seconddimension SDS-PAGE to obtain their individual components ( Fig. 2b, c) . Immunoblotting revealed ~ 600-kDa protein complex containing BCR-ABL, SHIP2 and GRB2 ( Fig. 2c ). Quantification of the percentage of bound GRB2 and SHIP2 shows that inhibition of BCR-ABL catalytic activity with nilotinib did not inhibit SHIP2 association with BCR-ABL, while causing only weak reduction of GRB2 association ( Fig. 2d ). Approximately 30% of GRB2 still associated with BCR-ABL containing Y177F substitution, which is known to disable the GRB2-binding motif on BCR-ABL [22, 23] . Similar data were obtained with kinase-dead (KD) BCR-ABL mutant K271H [24] .
Finally, immunoprecipitation was used to address the composition of BCR-ABL complex. 293T cells were transfected by p190 or p210 BCR-ABL and association with endogenously expressed SOS1, SHIP2, cCBL, SHC1 and p85a-PI3K was probed by co-immunoprecipitation. All studied interactors co-immunoprecipitated with both variants of BCR-ABL ( Fig. 3a ). Nilotinib reduced this association, but significant amounts of SOS1, SHIP2, cCBL and SHC1 still co-immunoprecipitated with BCR-ABL; no association of p85a-PI3K was found in cells treated with nilotinib ( Fig. 3a , green arrows). Because endogenous STS1 was not expressed in 293T cells, and endogenous CRKL did not co-immunoprecipitate with BCR-ABL, a transient co-transfection of STS1 and CRKL constructs followed by immunoprecipitation was used to probe their interaction with BCR-ABL. Nilotinib suppressed, but did not abrogate STS1 and CRKL interaction with BCR-ABL ( Fig. 3b , c; green arrows); similar results were obtained in experiments probing STS1 and CRKL association with KD BCR-ABL ( Fig. 3b , c; right panels, blue arrows). The other known BCR-ABL interactors, such as adapters NCK1 and NCK2 [25, 26] , also associated with nilotinibinhibited BCR-ABL ( Fig. S3A ).
An endogenous GRB2 is difficult to detect in BCR-ABL immunocomplexes, due to co-migration with IgL in SDS-PAGE. Since transgenic GRB2 migrated above IgL, and could be detected by western blot, we transfected GRB2 into 293T cells and probed association with BCR-ABL by GRB2 immunoprecipitation. Figure 3d shows a significant association of GRB2 with BCR-ABL, kinase inactive due to nilotinib treatment (left panel, green arrows) or KD mutation (right panel, blue arrows).
Interaction of GRB2 with BCR-ABL
Secondary structure of p210 BCR-ABL features seven folded regions, namely the N-terminal coiled-coil (CC), double homology (DH), pleckstrin homology (PH), src homology domains SH3 and SH2, tyrosine kinase (TK) and F-actin binding (FAB) domains. Further, three intrinsically disordered regions (IDRs) are located between CC and DH (IDR1), PH and SH3 (IDR2), and TK and FAB domains (IDR3) (Figs. 4, 5a). To gain insight into the binding mode between BCR-ABL and its core complex partners, we used PepStar™ peptide microarray technology to mimic the interaction interface of BCR-ABL. To generate the peptide library, the BCR-ABL sequence was translated into 773 overlapping (with a sliding window of three amino acids) peptides ( Fig. 5b ). To account for the possibility of protein binding to phosphorylated sites in BCR-ABL, phosphorylated peptides' analogs (corresponding to the known phosphorylation sites in BCR-ABL) were also included in the library. 13-mer peptides were spotted on microscopic glass plates in a form of microarrays, which were subsequently incubated with interacting protein of interest, and analyzed as described in "Materials and methods" (Fig. 5b ). The peptide microarray approach is primarily suited for the identification of binding sites in intrinsically disordered regions (IDR) of a protein or biding sites that, despite being located in folded regions, have the characteristic of solvent-exposed linear motifs protruding from the structure. The peptide microarray approach was combined with conventional co-immunoprecipitation experiments, using a library of mutated and truncated (regional deletion) BCR-ABL constructs ( Fig. 4) .
Microarray data indicated that GRB2 binds to Y177 in BCR-ABL, and that this interaction is highly specific for phosphorylated version of Y177; the same Y177 peptides lacking the phosphorylation showed no interaction with GRB2 ( Fig. 5c ). These results agree with previously published work [22, 23] and showed that GRB2 binds directly to Y177. Furthermore, microarrays revealed two additional potential binding sites (labeled G2 and G3) in IDR3 and at the interface between IDR3 and FAB domain, respectively (Figs. 5c; S4A). To verify these binding sites, we generated several truncated or mutated variants of p210 BCR-ABL ( Fig. 4) , and probed association of selected variants with V5-tagged GRB2 in 293T cells. Y177F substitution, mimicking non-phosphorylated Y177, completely abolished BCR-ABL binding to GRB2, as did deletion of N-terminal part of BCR-ABL containing Y177 (BCR-ABL-BT) ( Fig. 5d ; arrows). Interaction of KD BCR-ABL with GRB2 was largely limited, but still detectable.
The Y177 is known to be autophosphorylated by active BCR-ABL. However, Y177 can also be phosphorylated in trans by Src tyrosine kinases in KD BCR-ABL [27] . The phosphorylation of Y177 by other tyrosine kinases may thus allow GRB2 binding to TKI-inhibited BCR-ABL as shown by Fig. 3d . Deletion of IDR3 or FABD did not affect GRB2 binding (BCR-ABL-∆IDR3; Fig. 5d ). These data demonstrate that IDR3 or FAB domain is not essential for GRB2 association with BCR-ABL ( Fig. 5h ). The observation that GRB2 did not bind to construct expressing only IDR3 sequence ( Fig. S3B , blue arrows) suggested that the binding sites identified by microarrays were either false positives or genuine binding sites, but too weak to sustain the stable interaction. Previous in vitro study [28] described three proline-rich GRB2-binding sites in IDR3 region: PR1 (aa 1425-1433), PR2 (aa 1466-1476) and PR3 (aa 1509-1517). Notably, we observed positive microarray signals for all these three binding sites. However, these binding sites were formally excluded from our analysis as they were defined by less than three consecutive peptides providing above-threshold signal, a stringent criterium used for interpretation of our microarray data. For the same reason, we did not consider at first binding sites in IDR1 (353-365) and IDR3 (1661-1676) that contained PxxxR motif similar to consensus binding motif of GRB2 C-terminal SH3 domain PxxxRxxKP [29] Table S3 ; g4-g9). Despite their formal exclusion in the process of microarray data interpretation, all these sites still need to be considered as candidate interaction sites.
Altogether, in agreement with previous studies, we show that GRB2 is direct interactor of BCR-ABL, and highlight the critical role of Y177 in mediating this interaction ( Fig. 5h ). We also confirmed the GRB2 association with PR regions in the IDR3 domain of BCR-ABL suggested before [29] . We further demonstrate that the latter interactions are not sufficient to mediate GRB2 association to BCR-ABL in the absence of phosphorylation at Y177.
Interaction of cCBL with BCR-ABL
cCBL is an E3 ubiquitin ligase known to negatively regulate receptor tyrosine kinase (RTK) signaling [30] . It can also act as an adaptor protein recruiting PI3K towards active RTKs, which mediates the activation of PI3K-AKT pathway [31] . For cCBL, the peptide microarray data yielded no potential binding sites despite extensive optimization and use of two different recombinant cCBL proteins ( Fig. S5 ). Co-immunoprecipitation of endogenous cCBL with BCR-ABL revealed that Y177F substitution or elimination of N-terminal region containing Y177 (BCR-ABL-BT) almost entirely abolished cCBL interaction with BCR-ABL ( Fig. 5e ). These data mirrored the GRB2 interaction data ( Fig. 5d ), suggesting that cCBL might bind BCR-ABL indirectly, i.e., via GRB2 (Fig. 5h ). This explanation is supported by the observation of interaction between cCBL and GRB2 [32] [33] [34] [35] . As demonstrated by GST-SH2 pulldown assays, cCBL has capacity to directly bind to SH2 domain of BCR-ABL [36] . However, deletion of BCR-ABL SH2 or triple mutant containing Y177F, ΔSH2 and ΔPR1/PR2 was found to lower, but not to completely abolish cCBL binding to BCR-ABL in 32D cells [37] . In support of these data, we show that the deletion of SH2 domain does not abrogate cCBL binding (Fig. 5f ).
Taken together, our data indicate that cCBL binding to BCR-ABL is indirect, and is likely mediated by GRB2 binding to (auto)phosphorylated Y177 ( Fig. 5h ). Similar data were obtained for the other GRB2 partner, the SOS1 [38] [39] [40] [41] , which required both Y177 motif and kinase activity of BCR-ABL for association ( Fig. 5f ).
Interaction of SHC1 with BCR-ABL
SHC1 is signaling adapter known to bind phosphotyrosines on various RTKs [42] . For SHC1, the peptide microarray data showed eleven putative binding sites. None of the identified binding sites contained phosphotyrosine(s) ( Fig. S6 ; Table S4 ), suggesting an artifact because it is unlikely that protein with validated phosphotyrosine binding capacity would bind to such extent to non-phosphorylated sequences while omitting binding to their phosphorylated counterparts. In line with this discrepancy, deletion of Fig. 3 The BCR-ABL signaling complex is preserved after nilotinib treatment. 293T cells were transfected with p190 and p210 BCR-ABL alone (a) or together with STS1 (b), CRKL (c) and GRB2 (d). BCR-ABL was immunoprecipitated (IP) and binding of interaction partners was analyzed by western blot. The SHC1 isoforms are indicated (p46, p52, p66). Empty, transfection with empty plasmid. BCR-ABL kinase activity was determined by detecting autophosphorylation (p) at Y412. Note the co-immunoprecipitation of SOS1, SHIP2, cCBL, SHC1, STS1, CRKL and GRB2 with BCR-ABL in cells treated with nilotinib (green arrows). Also note the co-immunoprecipitation of STS1, CRKL, and GRB2 with kinase-dead (KD) BCR-ABL (blue arrows). Data are representative of three independents experiments (n = 3). Actin serves as a loading control in cell lysates used for IP ◂ Fig. 4 The variants of p210 BCR-ABL used in the study. Schematic representation of p190 and p210 BCR-ABL. All truncated or point-mutated p210 BCR-ABL constructs contain N-terminal FLAG epitope. The amino acid substitutions are indicated in red; CC coiledcoil domain, DH double homology domain, PH pleckstrin homology domain, SH3, SH2 Src homology domain, TK tyrosine kinase domain, IDR intrinsically disordered region, FABD F-actin binding domain, NLS nuclear localization signal, PR proline-rich region. The numbering of BCR-ABL domains follows the total protein length (2030 aa in p210), numbering of individual residues is relative to the position of given amino acid in the individual sequence of BCR or cABL1b, with the exception of K271H, which is based on cABL1a IDR3, comprising of six putative SHC1-binding sites indicated by the microarray did not compromise SHC1 interaction with BCR-ABL ( Fig. 5e ), which marks the putative binding sites from microarray as false positives. The KD BCR-ABL, BCR-ABL-ΔST variants did not bind SHC1, indicating that SHC1 binding depends on BCR-ABL kinase activity (Fig. 5e, blue arrows) . Observation that deletion of TK domain almost entirely abolished SHC1 binding only corroborates this interpretation (Fig. 5f, blue arrows) . Further, SHC1 did not interact with BT construct that lacks CC domain. This can be explained by a decrease in BCR-ABL kinase activity resulting from loss of CC domain, which is vital for oligomerization and subsequent activation of catalytically active BCR-ABL [43] .
Deletion of PH domain decreased SHC1 association by ~ 30% (Fig. 5f, g) . To evaluate the binding within the SH-TK region more precisely, we used individual deletions of SH3, SH2 and TK domains, as well as W118A substitution, which disables SH3 ability to bind proline-rich motifs (BCR-ABL-XS3) and S173N substitution, which disables the SH2 ability to bind phosphotyrosine motifs (BCR-ABL-XS2) [44, 45] (Fig. 4 ). Removal of TK domain abolished the interaction almost completely. The individual deletions ∆SH3 and ∆SH2 also decreased the SHC1 binding by ~ 30% (Fig. 5f, g) , but their inactivation by point mutations (W118A or S173N) produced no effect.
Overall, our data suggest that BCR-ABL kinase activity is necessary for SHC1 binding. SH3 and SH2 domains appear to partially contribute to SHC1 binding, as well as PH domain (Figs. 5h, 6f ). However, SHC1 binds less only to PH mutant, but not to BCR-ABL that lacks the whole DH-PH domain. It remains unclear whether PH domain is a direct binding site, as PH domains are known to target proteins to plasma membrane, it seems more plausible that the decreased interaction is caused by altered localization of the ΔPH construct. Experiments carried out below indicate that SHC1 can bind also indirectly to BCR-ABL via SHIP2.
Interaction of CRKL with BCR-ABL
CRKL adapter is a major substrate of BCR-ABL that is heavily phosphorylated in CML cells [46] [47] [48] . For CRKL, the microarray data indicated four potential binding sites, all localized into structured regions of BCR-ABL. These sites included phosphopeptides with tyrosines Y89 (C1), Y134 (C2), and Y331 (C3) in SH3 domain, SH3-SH2 linker, and TK domain, respectively. The fourth binding site was found in FAB domain (C4) (Figs. 6a, S7; Table S5 ). Previous studies showed that CRK binds to proline-rich motifs APELPT-KTR (PR1) and EPAVSPLLPRK (PR2) in IDR3 motif of cABL [28] . In the microarray, the peptides corresponding to the PR1 and PR2 sites were also positive ( Fig. 6a, c5 , c6, blue bars; Table S5 ). However, these sites were formally not considered as binding sites because they were defined by less than three consecutive peptides providing abovethreshold signal.
Next, we co-expressed CRKL along with BCR-ABL variants, and used co-immunoprecipitation to probe the interaction. Deletion of IDR3 domain (involving PR1 and PR2) eliminated binding to CRKL (Fig. 6b ). Deletion of SH3-SH2-TK domains (BCR-ABL-∆ST) also abolished interaction with CRKL. However, the fact that this deletion includes the PR1 site complicates interpretation. To narrow down the binding interface in IDR3, we used BCR-ABL constructs lacking both PR1 and PR2 sites (ΔPR1, ΔPR1-2); CRKL binding on these mutants was reduced by 40-50% ( Fig. 6b, c; arrows) .
To assess the importance of phosphorylated tyrosines Y89, Y134 (localized in SH3 domain) and Y331 for interaction between CRKL and BCR-ABL, the triple mutant with all three tyrosines changed for phenylalanines was generated (BCR-ABL-3YF). Binding of this mutant to CRKL was not affected (Fig. 6b) , which is at variance with the microarray data (Figs. 6a, S7; Table S5 ). However, an individual deletion of SH3 and SH2 domains had small but significant effect on CRKL binding, which was reduced by 10-20% (Fig. 6b,  c ), suggesting contribution of SH domains to CRKL binding. Removal of BCR-ABL TK domain (involving also PR1) showed significant reduction in CRKL binding, comparable to removal of PR1 and PR1-2 (Fig. 6b ). The interaction with FAB domain, identified by microarray, was not confirmed by co-immunoprecipitation (Fig. 6b, c) . Altogether, we confirm CRKL as a direct BCR-ABL interactor (Fig. 6f ). Furthermore, we provide support for involvement of proline-rich motifs PR1 and PR2 in BCR-ABL interaction with CRKL, as suggested before for CRK [28] .
Interaction of SHIP2 with BCR-ABL
SHIP2 is an inositol phosphatase which converts phosphatidyl inositol triphosphates PI(3,4,5)P 3 to PI(3,4)P 2 . SHIP2 associates with BCR-ABL, and is constitutively phosphorylated in primary CML cells or in BCR-ABL-expressing cells [21, 49, 50] . For SHIP2, the microarray data revealed thirteen potential binding sites located in structured domains, with an exception of the site SH1 corresponding to Y177 (Figs. 6d, S8; Table S6 ). Putative binding sites SH2-SH4 located in DH-PH domains. Binding sites SH5-SH12 in the SH3-SH2-TK region included tyrosines Y89, Y134, Y158, Y276, Y331 and Y488; SH13 was located in FAB domain. Preferential SHIP2 interaction with phosphorylated tyrosine was found for Y134, Y158, Y276, Y331 and Y488 (Fig. 6d) .
Next, the selected BCR-ABL constructs were coexpressed with SHIP2 in 293T cells, and subjected to BCR-ABL co-immunoprecipitation. Deletion of SH3-SH2-TK domains essentially abolished interaction with SHIP2, similar to KD mutant ( Fig. 6e; arrows) . The Y177F substitution, as well as the deletion of DH-PH, IDR3 and FABD domains, had no effect on the interaction between BCR-ABL and SHIP2 (Fig. 6e) . In contrast to the deletion of TK domain, which abolished the binding almost completely ( Fig. 6e ; right panel, arrow), deletions of SH3 and SH2 (ΔS3, ΔS2) had no effect on SHIP2 association with BCR-ABL ( Fig. 6e, right panel) . To address the importance of tyrosines within the SH3-SH2-TK domains, we created BCR-ABL mutant in which six tyrosines, implicated by the microarray, were mutated to phenylalanines (Y89F, Y134F, Y158F, Y276F, Y331F and Y488F) (BCR-ABL-6YF). SHIP2 and BCR-ABL-6YF co-immunoprecipitated normally ( Fig. 6e, right panel) suggesting that phosphorylation at these sites is not critical for SHIP2 binding.
Interestingly, SHC1 interacted with BCR-ABL variants in a pattern similar to SHIP2 (Fig. 6e ), suggesting cooperation between SHIP2 and SHC1 in BCR-ABL binding. The fact that BCR-ABL-ΔTK partially binds SHIP2 but not SHC1, however, demonstrates that SHIP2 binding to BCR-ABL is not dependent on SHC1 (Fig. 6f ). Overall, we show that SHIP2 interacts with BCR-ABL directly, and that this interaction depends, to some extent, on catalytic activity of BCR-ABL. In contrast to the previous study indicating importance of SH3-SH2 for SHIP2 binding [50] , our data highlight important role of BCR-ABL TK domain in mediating this interaction.
Interaction of p85a-PI3K and STS1 with BCR-ABL
p85a is a regulatory subunit of phosphatidyl inositol 3-kinase (PI3K). Inhibiting p85a-PI3K expression or PI3K activity leads to inhibition of growth in BCR-ABL positive cells, demonstrating that PI3K contributes to oncogenic signaling of BCR-ABL [5, 51] . The microarray analysis revealed two potential p85a-PI3K binding sites on BCR-ABL, i.e., phosphotyrosines Y134 (p85a-1) and Y158 (p85a-2), located in the SH3 and SH2 domains, respectively (Figs. 7a, S9; Table S7 ). Double substitution of Y134F and Y158F (BCR-ABL-2YF) had no effect on p85a-PI3K binding, suggesting that phosphorylation at these tyrosines is not critical for p85a-PI3K interaction with BCR-ABL (Fig. 7b) .
In contrast to microarray data, co-immunoprecipitation experiments showed decreased p85a-PI3K binding to all tested BCR-ABL variants (Fig. 7c ). In particular, deletion of SH3-SH2-TK domain containing Y134 and Y158 (∆ST) and KD BCR-ABL almost completely lost capacity to interact with p85a-PI3K. This complex mode of p85a-PI3K binding to BCR-ABL likely stems from the ability of p85a-PI3K to bind multiple components within the BCR-ABL complex, namely SHC1, cCBL, GAB2 and CRKL [52] (Fig. 7f) . The co-immunoprecipitation experiments suggest that p85a-PI3K binding to BCR-ABL is indirect, mediated by other BCR-ABL interactors (Fig. 7f ). Interestingly, we found about 50% reduction of p85a-PI3K binding to BCR-ABL with Y177F substitution (Fig. 7c) . The Y177 was shown before to recruit p85a-PI3K via GAB2 [53] .
STS1 is a tyrosine phosphatase which dephosphorylates BCR-ABL and thus is a negative regulator of BCR-ABL signaling [54] . Microarray data showed no specific association of STS1 with BCR-ABL, despite optimization and use of two different recombinant STS1 proteins (Fig. S10 ). Co-immunoprecipitation experiments demonstrate preferential STS1 association with p210 BCR-ABL, as p190 BCR-ABL showed ~ 50% less binding when compared to p210 (Fig. 7d, arrow) . Decreased STS1 binding on p210 BCR-ABL with removed DH and PH domains (ΔDP) was also found. Deletion of PH domain only did not affect STS1 binding, suggesting that the entire region missing in p190 (aa 425-927) is necessary for STS1 interaction (Fig. 7d ). These findings are in agreement with published proteomic data, which report preferential association of STS1 with p210 [55, 56] . However, it was shown that inactivating substitutions in PH domain of p210 lower interaction of STS1 in BaF3 cells [57] . In our hands, deleting PH domain did not significantly change binding to STS1 (Fig. 7d) . We further show that kinase activity of BCR-ABL is essential Fig. 5 Interaction of GRB2, SOS1, cCBL, and SHC1 with BCR-ABL. a Secondary structure prediction of p210 BCR-ABL by IUPRED. Values above 0.5 indicate disordered regions IDR1 and IDR3 on the BCR-ABL N-and C-termini, involving Y177 and three NLS, respectively. Smaller disordered region IDR2 is located between domains PH and SH3. b Scheme of the microarray analysis. Thirteen amino acid long peptides corresponding to the primary sequence of p210 BCR-ABL were spotted on microarrays, incubated with protein of interest, primary and fluorescently labeled secondary antibodies, and scanned. Fluorescence intensity values for each spot were used to indicate the binding of protein to BCR-ABL peptides. c Microarrays indicate direct binding of GRB2 to phosphorylated Y177. Red lines on BCR-ABL scheme indicate potential binding sites. Graph shows averaged relative intensities for phosphorylated (red) and non-phosphorylated peptides involving peptides with Y177. Error bars indicate SD from three technical replicates shown in Fig.  S2 . d Co-immunoprecipitation (Co-IP) of BCR-ABL with GRB2 after expression in 293T cells; Y177F substitution abrogates GRB2 association with BCR-ABL as well as deleting the region (construct BT, bottom arrows). Side arrows indicate electrophoretic mobility shift GRB2 phosphorylated by BCR-ABL. e, f Co-immunoprecipitation of endogenous cCBL, SHC1 and SOS1 with transfected BCR-ABL in 293T cells. Please note the compromised SHC1 binding on BCR-ABL-BT, -ΔST, -ΔTK and KD variants (blue arrows). Y177F abrogates binding of SOS1 and largely limits the binding of cCBL (green arrows). Data are representative of three independent experiments (n = 3). g Quantification of SHC1 co-IP with BCR-ABL constructs from (f). SHC1 was normalized to BCR-ABL levels, error bars indicate SD from four independent experiments. Statistically significant differences are indicated (Student's t test, *p < 0.05, ***p < 0.001; ns non-significant). h Scheme of the proposed interaction. GRB2 binds directly to phosphorylated Y177 and recruits SOS1. cCBL also requires GRB2 for recruitment. SHC1 requires TK domain and pleckstrin homology (PH) domain for binding ◂ for STS1 binding, as kinase-inactive KD BCR-ABL and BCR-ABL-ΔST showed significantly reduced STS1 binding ( Fig. 7e ). Altogether, our data point to the involvement of DH and PH domains in binding of STS1 to BCR-ABL and suggest that BCR-ABL catalytic activity is required for this interaction (Fig. 7f ).
SHIP2 is required for BCR-ABL-mediated phosphorylation of SHC1
Because the precise role of SHIP2 in BCR-ABL signaling has not been established, we deleted endogenous SHIP2 by CRISPR/Cas9 in 293T cells (SHIP2 Crispr cells), transfected these cells with BCR-ABL, and determined the effect of SHIP2 loss on BCR-ABL-mediated signaling. In contrast to wild-type 293T cells, SHIP2 Crispr cells could not phosphorylate SHC1 on Y239 and Y240 ( Fig. 8a; arrows) . Addback of wild-type SHIP2 into the SHIP2 Crispr cells rescued SHC1 phosphorylation. However, co-transfecting catalytically inactive SHIP2 (phosphatase-dead, PD) only partially rescued SHC1 phosphorylation, suggesting that SHIP2 catalytic activity is important for BCR-ABL-mediated SHC1 phosphorylation (Fig. 8b) . As SHIP2 and SHC1 are known interactors [50] , we tested whether SHC1 interacts with BCR-ABL in SHIP2 Crispr cells. SHC1 interacted with BCR-ABL normally in SHIP2 Crispr cells (Fig. 8c ). Lack of SHC1 phosphorylation in SHIP2 Crispr cells is, therefore, not caused by defective recruitment of SHC1 to BCR-ABL. To validate the importance of SHIP2 catalytic activity in BCR-ABL signaling, we tested the effect of specific SHIP2 chemical inhibitor AS1949490 [58] on proliferation of CML cell lines K562, LAMA-84 and KYO-1. Treatment with AS1949490 inhibited proliferation in all three cell lines (Fig. 8d ).
Conclusions
The BCR-ABL complex initiates signaling, governs the usage of downstream pathways and integrates BCR-ABL signal to processes ongoing in the cell. A precise mapping of the structure of BCR-ABL signaling complex is, therefore, essential for understanding the BCR-ABL function. Yet the in-cell characterization of protein-protein interactions within the complex does not always provide precise information about the hierarchy of these interactions. For instance, the co-immunoprecipitation of BCR-ABL with given interactor is the main approach to prove in-cell association, at the endogenous or forced levels of protein expression and without artifacts generated in cell-free systems (i.e., absence of competing interactors, excess of both partners, spatiotemporal aspects, solvents promoting interaction, and others). Successful co-immunoprecipitation, however, does not prove direct contact, because the whole signaling complex is pulled down, and thus the purified protein may be recruited to BCR-ABL via association with other interactors. This is a common theme in signaling, complicating data interpretation. For instance, recruitment of p85a-PI3K to the BCR-ABL complex may be direct, or maybe mediated by CRKL, GAB2, cCBL and SHC1 instead (Fig. 7f ) [53, 59, 60] .
Equally important to composition is dynamics of the complex, which allows for response to changing intracellular conditions during cell proliferation and differentiation, integration of BCR-ABL signaling to other signaling pathways, and adaptation and resistance of BCR-ABL signal to inhibitors, such as TKIs. In light of these facts, a detailed characterization of BCR-ABL interaction with GRB2, SHC1, cCBL, CRKL, STS1, p85a-PI3K and SHIP2 carried out here may only serve as basic reference, as it does not appreciate nor address the dynamics of the complex. The modes of interaction of individual signaling mediators with BCR-ABL are likely to be more complex and diverse in terms of the exact mechanism. This opens up a question of dispersity of BCR-ABL complexes, i.e., simultaneous co-existence of complexes of different composition, demonstrated by Figs. 1a, S1A, S2A (BCR-ABL blots). As shown here, several core complex members compete for the same domains when associating with BCR-ABL, suggesting that qualitatively different BCR-ABL complexes exist in a given Fig. 6 Interaction of CRKL and SHIP2 with BCR-ABL. a BCR-ABL scheme with red lines indicating potential CRKL binding sites identified by microarray. Graph shows binding intensities for phosphorylated (red) and non-phosphorylated peptides; strong binding is shown for phosphorylated Y89, Y134 and Y331. Sites c5 (PR1) and c6 (PR2) are not formally considered; however, blue bars indicate positive binding for respective peptides. b Co-immunoprecipitation (co-IP) of BCR-ABL with CRKL in 293T cells. Deletion of IDR3 and both PR1 and PR2 sites (constructs ΔPR1 and ΔPR1-2) limits the interaction of CRKL with BCR-ABL (arrows). Substituting Y89, Y134 and Y331 to phenylalanines (3YF) produced no effect on CRKL binding. c Quantification of CRKL co-IP with BCR-ABL constructs from (b, right panel). CRKL was normalized to BCR-ABL levels, error bars indicate SD from four independent experiments (n = 4). Statistically significant differences are indicated (Student's t test, *p < 0.05, ***p < 0.001; n.s., non-significant). d Microarray analysis of SHIP2 binding to BCR-ABL shows multiple binding sites in the SH3-SH2-TK domains, association with the tyrosine-phosphorylated motifs is indicated in red. Binding site for Y488 was obtained in independent experiment and, therefore, different threshold applied to this site. e Immunoprecipitation of BCR-ABL constructs with SHIP2 in transfected 293T cells. Deletion of SH3-SH2-TK (ΔST), or TK domain (ΔTK) limits SHIP2 binding (arrows). Substituting Y89, Y134, Y158, Y276, Y331 and Y488 to phenylalanines (6YF) has no effect on SHIP2 binding. SHC1 associated with BCR-ABL in a manner similar to SHIP2, suggesting mutual interaction. f Scheme of proposed interaction. CRKL binds to region containing PR1 and PR2. SHIP2 binds to the TK region of ABL and also recruits SHC1 to BCR-ABL. n number of independent experiments ◂ cell at the same time. As this aspect of BCR-ABL function is poorly explored, the following research should address the quantitative differences in composition of BCR-ABL complexes.
We demonstrate that the core complex members associate with BCR-ABL in cells treated with TKI or with BCR-ABL inactive due to the KD mutation. This suggests that kinase activity of BCR-ABL is not necessary for the formation of signaling complex. The exact mechanism of recruitment on inactive BCR-ABL is likely to be different for different members of the core complex. Some proteins do not require phosphorylated motifs on BCR-ABL, and thus may associate regardless of BCR-ABL activity, while other interactors may rely on motifs phosphorylated, on inactive BCR-ABL, by other cellular kinases. For instance, although Y177 is autophosphorylated, it can also be phosphorylated by SRCfamily kinases [27, 61] , creating a GRB2-binding site on kinase-inactive BCR-ABL. The formation of kinase-inactive BCR-ABL complex underlies the residual signaling of inactive BCR-ABL in CML cells treated with TKI. Understanding of these mechanisms is essential for the development of novel therapeutic approaches for CML.
Materials and methods
Cell culture, vectors, transfection and CRISPR/Cas9
293T cells were obtained from ATCC, and propagated in DMEM media, supplemented with 10% FBS and antibiotics (ThermoFisher). CML cell lines K562 were obtained from ECACC, LAMA-84 and KYO-1 were obtained from DSMZ. CML cells were propagated in RPMI1640 supplemented with 10% FBS and antibiotics (ThermoFisher). All expression vectors are listed in Table S1 . Cells were transiently transfected using FuGENE HD, according to the manufacturer's protocol (Promega). p210 isoform b3a2 and p190 BCR-ABL sequences (isoform b3a2) were cloned into pCR3.1 vector with N-terminal FLAG tag. Polymerase chain reaction (PCR) mutagenesis was used to generate all BCR-ABL variants. GRB2 (RC200469), p85a-PI3K (RG210544) and SHIP2 (RC214716) vectors were obtained from Origene, CRKL (HG11261-CH) and STS1 (HG13868-NF) vectors were obtained from Sino Biological. Their coding sequences were subcloned into modified pCMV6 entry vector, where C-terminal Myc-DDK tag was replaced by HIS-V5 tag using a NEBuilder HiFi DNA assembly kit (New England Biolabs). SHIP2 deletion in 293T cells was carried out by CRISPR/Cas9 technology [62] . CHOPCHOP tool was used to design sgRNAs for a pair of SpCas9n (D10A) nickases, which targeted 5ʹ-CGA TGG CAG CTT CCT GGT CC-3ʹ, 5ʹ-GCG CTC TGC GTC CTG TGA GT-3ʹ sites in the first exon of the SHIP2 gene [63] . Successful targeting disrupted the open reading frame of SHIP2, which was detected as loss of SHIP2 in individual clones by western blot. Targeted locus was PCR amplified using 5ʹ-CCG GGC GGC CGC GGA GGA G-3ʹ, 5ʹ-TCT GGC GTC CCA CCG CCC CAG AAA C-3ʹ, inserted into pGEM T-Easy vector (Promega) and sequenced for determination of SHIP2 genotype.
Western blot and immunoprecipitation (IP)
Cells were lysed for 30 min at 4 °C in lysis buffer containing 50 mM tris-HCl (pH 7.4), 150 mM NaCl, 0.5% NP-40, 2 mM EDTA, 1 mM Na 3 VO 4 and protease inhibitors (Roche). For IP, 25 ul of Dynabeads protein G (Ther-moFisher) were bound to FLAG antibody (F1804, Sigma-Aldrich) or V5 antibody (R96025, Invitrogen) according to the manufacturer's protocol. Immunocomplexes were collected overnight at 4 °C. Proteins attached to the beads were eluted to 2 × Laemmli buffer. For western blot, samples were resolved by SDS-PAGE, transferred onto a PVDF membrane, and visualized by chemiluminescence using Pierce ECL (Thermo Fisher Scientific), Immobilon Western (Millipore), Clarity (Biorad) or SuperSignal West Femto (Thermo Fisher Scientific) substrates. Table S2 lists all antibodies used in the study.
Gradient ultracentrifugation, BN-PAGE and proximity ligation assay (PLA)
The gradient ultracentrifugation was done as described before [64] . Briefly, the native cell lysates (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Igepal CA-630, 1 mM EDTA, pH 8, 0.25% sodium deoxycholate, 1 mM Na 3 VO 4 ; proteinase inhibitors) were loaded on 15-40% sucrose gradient (1 mM Tris-HCl, pH 7.4, 150 mM NaCl, 3 mM MgCl 2 ; proteinase inhibitors), and centrifuged at 40,000 rpm/4 °C/16 h using SW 40 Ti rotor (Beckman Coulter). Approximately 18 fractions were collected from each gradient, the proteins were precipitated with 10% TCA, dissolved in 2× Laemmli buffer and boiled. The respective fractions, as well as the cell lysates collected before ultracentrifugation were resolved by western blot, and co-sedimentation of the endogenous interaction partners with expressed BCR-ABL was analyzed by densitometry (ImageJ; http://image j.nih.gov/ij/). To quantify western blots shown in Fig. 1a , the relative abundance of each of the proteins in the dominant p190 BCR-ABL fractions (#6 in control and #5 in nilotinib treated cells) was calculated by densitometry of all fractions, and plotted. As Fig. 7 Interaction of p85a-PI3K and STS1 with BCR-ABL. a BCR-ABL scheme with potential p85a-PI3K binding sites identified by peptide microarray. Graph shows intensities for phosphorylated (red) and non-phosphorylated peptides containing Y134 and Y158. b Immunoprecipitation (IP) of BCR-ABL with p85a-PI3K in 293T cells. Substitutions of Y134 and Y158 to phenylalanines (2YF) had no effect on p85a-PI3K interaction with BCR-ABL. Empty, cells transfected with empty plasmid. c Deletion of SH3, SH2 and TK domains (ΔST) abolishes p85a-PI3K interaction with BCR-ABL, similar to KD BCR-ABL. Graph, quantification of p85a-PI3K coimmunoprecipitation with BCR-ABL constructs. p85a-PI3K was normalized to BCR-ABL levels, error bars indicate SD from three independent experiments (n = 3). Statistically significant differences are indicated (Student's t test, ***p < 0.001; n.s., non-significant). d, e Immunoprecipitation of BCR-ABL with STS1. p190 BCR-ABL and ΔDP mutant of p210 BCR-ABL show impaired interaction with STS1. Deletion of SH3, SH2, and TK domains (ΔST) also impairs BCR-ABL interaction with STS1. Statistically significant differences are indicated (Student's t test, ***p < 0.001; n.s., non-significant). f Scheme of the proposed interaction. p85a-PI3K interacts with multiple domains of BCR-ABL, whereas STS1 requires for association the SH3-SH3-TK domains and DH-PH domains (absent in p190 BCR-ABL). Data are representative for 3-4 independent experiments (n) ◂ only proteins saturated on BCR-ABL were analyzed, any peaks exceeding the relative optical density of 1 (red dashed lines) after treatment with nilotinib would suggest dissociation of the protein from the BCR-ABL complex, as observed with GRB2. Analogically, the peak of p85a-PI3K above 1 in control cells and the absence of the protein in heavier BCR-ABL fractions suggest that not all BCR-ABL complexes involve p85a-PI3K. The BN-PAGE was carried out as described before [64] . The native cell lysates have been loaded on 4-15% native gels, after the native electrophoresis the lane sample strips were excised from the gel, denatured and resolved in 12% SDS-PAGE gels. For Duolink ® PLA (Sigma), cells were fixed in paraformaldehyde, post-fixed in ice-cold methanol and stained according to the manufacturer's protocol. Mouse FLAG (F1804; Sigma) and Goat V5 (sc-83849; Santa Cruz) antibodies were used for PLA; rabbit anti-c-ABL (2862S; Cell Signaling) was used to counterstain the transfected cells. Secondary antibodies conjugated with AlexaFluor488/594 were from Invitrogen. PLA counting analysis was done in Fiji (http://fiji.sc/Fiji) using maximum projections of Z-stacks.
Peptide microarrays
Pepstar™ microarray technology (JPT Peptide Technologies) was used to identify sites in BCR-ABL involved in the binding of individual core complex interactors. Peptide library was generated by dividing the entire p210 BCR-ABL protein sequence into 13-aa-long peptides (674) with ten residues overlapping between neighboring peptides. Peptides were synthesized and immobilized on a glass slide.
To account for phosphorylations at known BCR-ABL sites, namely Y177, Y328, S354, Y360 in BCR and Y89, Y134, Y147, Y158, Y191, Y204, Y234, Y245, Y251, Y272, Y276, Y331, Y412, Y488, S465, S637-638, T754 in cABL1b, phosphorylated versions of the 99 corresponding peptides were also included in the microarrays. For each experiment, experimental and control microarrays were processed in parallel. Arrays were incubated with recombinant interactors. GRB2 (TP300469), SHC1 (TP304362), STS1 (TP303523), CRKL (TP308129) and cCBL (TP314069) were obtained from Origene, SHIP2 (P09-20G-10) and p85a-PI3K (P31-30H) were obtained from SignalChem. Signal was developed by incubation of arrays with primary antibodies against GST (G1160), FLAG (F1804, Sigma-Aldrich) and HIS (sc-8036, Santa Cruz) and secondary, Cy-5-coupled antibody (715-175-151, Jackson ImmunoResearch). Arrays were scanned using InnoScan 1100 AL fluorescence scanner and data were analyzed by Mapix software (Innopsys). Each microarray slide contained three entire peptide libraries, which were analyzed as technical replicates. Fluorescence intensities were plotted as a function of the peptide number (BCR-ABL primary sequence). First, the intensities from all spots in the control microarray were used to calculate the arithmetic average (∅ c ) and the standard deviation (σ c ). If a signal intensity for a peptide spot in the control microarray exceeded the value of (∅ c + 1.σ c ) in all three replicates, the respective peptide (microarray spot) was excluded from further analysis. Subsequently, fluorescence intensities in negative control microarrays were subtracted from values in experimental microarrays and these values were used for all further analyses. To allow direct comparison of fluorescence intensities from the three technical replicates, relative fluorescence intensities for each peptide were calculated by dividing each signal by the biggest value in the respective microarray. Finally, relative fluorescence intensities from the three replicates were averaged, plotted as a function of the peptide number (BCR-ABL primary sequence) and arithmetic average (∅ ER ) and standard deviation (σ ER ) were calculated from the averaged fluorescence intensities. Potential binding site in the microarray was considered when at least three consecutive peptides exceeded (∅ ER + 1.σ ER ) in all replicates. Fig. 8 SHIP2 is required for BCR-ABL-mediated phosphorylation of SHC1. a, b Wild-type (wt) 293T cells and cells with SHIP2 deleted by CRISPR/Cas9 (SHIP2 Crispr ) were transfected by BCR-ABL, and analyzed for presence and phosphorylation (p) of given proteins by western blot. In contrast to wt cells, BCR-ABL could not phosphorylate SHC1 in SHIP2 Crispr cells. Addition of wt SHIP2 into the SHIP2 Crispr cells fully rescued BCR-ABL-mediated SHC1 phosphorylation, while the addition of catalytically inactive (phosphatasedead, PD) had only minor effect. Same results were obtained with two independent SHIP2 Crispr cell lines (not shown). b Quantification of SHC1 phosphorylation in (a), normalized to BCR-ABL levels. Bars represent averages from six experiments (n) with indicated SD, statistically significant differences are indicated (Student's t test, ***p < 0.001). c SHC1 interacts with BCR-ABL in SHIP2 Crispr 293T cells. BCR-ABL was transfected to wt and two clones of SHIP2 Crispr 293T cells (1KF3, 3KF6), and immunoprecipitated (IP). SHC1 coimmunoprecipitates with BCR-ABL in SHIP2 Crispr , suggesting that lack of SHC1 phosphorylation in SHIP2 Crispr cells is not due to loss of interaction with BCR-ABL. Data are representative for 3 independent experiments (n). d K562, LAMA-84 and KYO-1 cells were seeded at 500 cells/μl, and treated with AS1949490 or DMSO. Cells were counted 48 and 96 h after treatment. Data represent averages ± SD from three independent experiments (n), with two technical replicates for each treatment. Statistically significant differences are indicated (Student's t test, *p < 0.05, ***p < 0.001) ◂
